Abstract: Although the effects of introduced predators on prey populations in aquatic ecosystems have been studied frequently, less is known about the interactions between predators. We performed a whole-lake experiment by stocking a non-native top predator (pikeperch (Sander lucioperca)) to two residential piscivores (Eurasian perch (Perca fluviatilis) and northern pike (Esox lucius)). By analyzing spatial distribution, diet composition, growth, and consumption rates of the piscivores before and after pikeperch introduction, we tested how both density-dependent and trait-mediated responses affected interactions between the three predators. Total piscivore biomass increased 1.5 times and annual consumption by the piscivores increased 1.7 times after stocking, attributable to the stocked pikeperch and increased northern pike abundances. Abundance, distribution, and consumption data indicated that northern pike was hardly affected by pikeperch stocking and even increased its biomass, whereas piscivorous perch shifted its habitat use towards the littoral lake areas in response to competition with pikeperch. Furthermore, all piscivores increasingly fed on small perch. The forced habitat shift of piscivorous perch in combination with increased predation on small perch led to a decreased abundance of large perch, attributable to the compensatory effects of intraguild predation and cannibalism.
Introduction
Species invasions and introductions may be considered as one of the major threats to global biodiversity and ecosystem stability (Simberloff 1981; Coblentz 1990 ). Nevertheless, deliberate or intended introductions are widespread in freshwater ecosystems in which stocking of certain fish species is still recommended and a common practice (Lehtonen et al. 1984; Mehner et al. 2004) . Within the fisheries perspective, the aims of introducing fish cover several aspects such as filling a "vacant niche", replacing native species with more productive alien species, or controlling water quality (Welcomme 2001) . The effects provoked in the stocked ecosystem can be those that were desired, as in the case of biomanipulation (Lathrop et al. 2002) , but also devastating effects of introduced piscivorous fish have occurred (Craig 1992) .
Whether predator introductions have the desired ecosystem effects depends, among others, on the degree of knowledge available on species interactions. Although direct and indirect effects of predators on their prey populations were often considered (Carpenter and Kitchell 1993; Hansson et al. 1998; Hölker and Mehner 2005) , the possible interactions between stocked and residential piscivorous fish species have often been neglected. Coexistence of species faced by competitive interactions is often facilitated by resource segregation along the diet, time, or habitat niche axes (Schoener 1974) . Accordingly, niche shifts of the resident competitors in response to introduced competitors might occur. Secondly, because many predators have to grow to large sizes to become piscivorous, size-structured predator-prey interactions between several developmental stages of the piscivores are likely affected (Werner and Gilliam 1984) . Intraguild predation and cannibalism are frequent interactions, among others, that may dampen the expected direct density effects on the prey populations (Polis et al. 1989; Arim and Marquet 2004; Claessen et al. 2004) . Furthermore, the response of the predators may be additionally influenced by both densitydependent and trait-mediated responses in the prey fish communities (Brabrand and Faafeng 1993; Christensen and Persson 1993; Jacobsen and Perrow 1998) .
To elucidate the variety of resulting interactions, we studied the response of two residential predatory species, large Eurasian perch (Perca fluviatilis; >20 cm total length (L T ); referred to hereafter as perch) and northern pike (Esox lucius), to the experimental introduction of a new predator, pikeperch (Sander lucioperca), in a small lake in northern Germany. Northern pike and perch are distributed in Europe, Asia, and North America (northern pike only) and are the top piscivores in many lakes of the northern German lowlands (Maitland and Campbell 1992; Mehner et al. 2005a ). Northern pike rely on the ambush technique (sit-and-wait predator type), feeding solitarily mainly in the littoral zone, being mostly active during day and twilight (Eklöv 1992; Maitland and Campbell 1992; Craig 1996) . In contrast, perch is a less specialized, predominantly day-active fish undergoing several ontogenetic niche shifts and foraging mainly in the pelagic zones (Popova and Sytina 1977; Craig 1987) . Into this set of residential predators, we introduced pikeperch, a species that naturally did not occur in northern Germany but has been introduced into many waters to enhance fisheries yield and to suppress unwanted cyprinid species in biomanipulation approaches (Mehner et al. 2004) . Pikeperch is a solitary ambush-pursuit predator patrolling the pelagic zones of lakes (Popova and Sytina 1977; Maitland and Campbell 1992) . In contrast to perch and northern pike, pikeperch is found highly active during twilight and also at night (Popova and Sytina 1977; Fedorova and Drozzhina 1982) .
Empirical data on sympatric populations of northern pike, large perch, and pikeperch are scarce (Svärdson and Molin 1973) . According to the single-species studies available, we expected that pikeperch would more strongly interfere with perch than with northern pike because of the stronger habitat overlap among the two percids. Furthermore, we expected that the introduction of pikeperch would lead to both competitive and predator-prey interactions within the piscivorous feeding guild. We considered four not mutually exclusive effects of the ecosystem perturbation. (i) The residential northern pike and perch share their prey resources with pikeperch such that growth and consumption rates will decline in the two residential species, but probably at different magnitudes. (ii) At least one of the two residential predator species responds to introduction by a habitat shift in comparison with usual habitat preference at allopatry (Werner and Hall 1977) . (iii) At least one of the two residential predators responds with a shift to other fish prey (Hanson and Leggett 1986) or even includes new prey resources, for example, from benthic origin (Persson 1986 ). (iv) Because of diet switches and altered prey selectivity, predator-prey relationships become the dominant interaction type between the piscivores, and thus intraguild predation and cannibalism will lead to a biomass decline in at least one of the predators. This diet switch might then, in the long term, lead to a return of the overall piscivorous fish abundance to its initial state (Murdoch 1969) .
By analyzing spatial distribution, diet composition, growth, and consumption rates of the residential piscivores before and after pikeperch introduction, we tested which of the alternatives contributed strongest to the expected response within the piscivorous fish guild. Furthermore, by studying abundances and distribution of the prey fish populations, we aimed to elucidate whether the response in the residential piscivores was additionally influenced by changes in prey density or behavior.
Material and methods

Study site
Lake Großer Vätersee (12 ha, maximum depth 11.5 m, mean depth 5.2 m) is situated about 70 km northeast of Berlin, Germany (60 m above sea level). The mesotrophic lake has no inflow or outflow, the water level depends on groundwater and the catchment is mostly covered by forest (see Kasprzak et al. (2000) for further details). Most of the lakeshore and the adjacent littoral zones are covered by reed (Phragmites australis) and Chara sp. There is no commercial fishery at the lake, and angling was forbidden for the duration of the experiment. According to the lake owner, pikeperch has not occurred in the lake during the past 100 years such that the residential piscivores were naive to its experimental introduction. Biological features of the lake ecosystem were studied during a 2-year period both before (1997 and 1998) and after (2001 and 2002) Data of the period without pikeperch were taken, in part, from a study by Haertel et al. (2002) . During the period after pikeperch stocking, data collection and processing were performed using the same methods as in Haertel et al. (2002) whenever possible. The methods used in either period are described below.
Fishing, food analyses, and abundance estimates
To minimize the impact of fishing on piscivorous fish (i.e., large perch, northern pike, and pikeperch), only nonlethal sampling methods were used, and fish were released into the lake after processing. Fishing was done once or twice per month from April to November in 1997 and 2001 and from March to November in 1998 and 2002. In all years, electric fishing was done with low current (~200V; electrofishing gear with accumulator; Bretschneider Spezialelektronik, Germany) during night and day from a boat with an electrical engine. During night, single fish resting in shallow littoral areas were detected with a spotlight and anaesthetized by a short, low-current pulse. In 2001 and 2002, a set of gill nets with mesh sizes of 25, 32, 40, and 50 mm was also used. Nets were set at day (sunrise to sunset), twilight (sunset to total darkness and total darkness to sunrise), and night (total darkness) and at different depths (littoral zone, 3 m; pelagic zone, 6 m, 8 m (2002 only); surface) for short time intervals (45 to 120 min, depending on water temperature) to minimize mortality. To describe diel activity patterns, standardized fish numbers (catch per unit effort (CPUE) calculated per 100 m 2 net panel and exposure time, individuals·(h·100 m 2 ) -1 ) were calculated from all nets except the set at the depth of 8 m because of anoxic conditions during summer. The proportion of habitat use by both prey species was calculated from the simultaneously obtained littoral and pelagic CPUE, separately for day and night periods. From these values, an annual average use (percent of total CPUE) of the littoral (or pelagic) zone was calculated only for those sampling intervals in which ≥2 perch or pikeperch were caught. In contrast, catches with only one fish (i.e., 100% in either littoral or pelagic areas) were considered to be not representative of the distributions and thus were omitted. To increase the number of fish available for abundance estimates (see below), a fyke net (length of leader, 65 m; mesh size, 16 mm; height, 4.5 m; mesh size of hoop, 12 mm) set perpendicular to the shore was used in addition to the other nets during all sampling months in 2002. A beach seine (length of each wing, 300 m; mesh size, 26-18 mm; height, 20 m) hauled by a mooring winch was used to remove most of the pikeperch from the lake at the end of the experimental period in November 2002.
All fish were measured and weighed to the nearest 0.5 cm L T and gram wet mass, respectively. Fishes caught by gill nets, electrofishing, and the beach seine were used for diet analyses. Stomach contents, obtained from anaesthetized fish (tricaine methanesulfonate, MS 222) by flushing them with a compression sprayer, were preserved in 70% alcohol (1997) (1998) or deep frozen (-18°C; 2001-2002) until further processing in the laboratory. Stomach contents were examined under a stereoscopic microscope. Prey fish were determined to species level and, in case of advanced digestion, identified from remaining hard structures. Prey fish were counted, length was measured, and mass was then backcalculated from length-mass relationships or hard part length-mass relationships obtained from Lake Großer Vätersee fish and crayfish samples. Vertebra length in fish and carapax or claw lengths in crayfish were used to calculate total length and biomass. Index of food selectivity of predators was calculated for the main prey species small roach (Rutilus rutilus, 6-16 cm) and small perch (6-15 cm) according to Strauss (1979) , based on the biomass proportions of these size classes in the calculated yearly consumption rates (see below) and on the lake-wide prey biomass.
On each sampling occasion, all piscivores were checked for tags, and untagged ones were individually tagged with PIT tags injected into the back muscle and released. Population densities were estimated from the mark-recapture data according to Schumacher and Eschmeyer (in Ricker 1975) . Population biomass was then derived from the age group (perch) or length class (northern pike) proportions in the samplings and the respective length-mass relationships. For pikeperch, abundance and biomass data were calculated for two groups according to the stocking occasions.
Abundances of prey fish species (small roach and perch) were estimated by multiple mark-recapture experiments in 1998 (Haertel et al. 2002) and 2002. To minimize handling mortality at higher water temperatures, these estimates were restricted to early spring (Haertel et al. 2002) . Moreover, a short time frame better approximates the assumption of a closed population in mark-recapture models. Fishes were caught by electrofishing (see above), anaesthetized (MS 222), and measured (L T , to the nearest 1 mm). All fish were tagged with coded wire tags (NMT, Salisbury, USA), which were injected into the dorsal musculature in 1998 (Haertel et al. 2002) or into the head (snout tissue or cheek muscle) in 2002. Tag presence was checked by a portable sampling detector. At each electrofishing operation, all fish were checked for tags, unmarked fish were tagged, and all fish were subsequently released. Population size was calculated according to model M t (Otis et al. 1978; White et al. 1982) . Population biomass was derived from length-weight relationships obtained from Lake Großer Vätersee fish samples.
Habitat use of prey fish was investigated in the littoral (≤3 m water depth) and the pelagic zones. Both habitats were sampled simultaneously during day and night. Sampling took place monthly from May to September 1997 and from May to October 1998 (Haertel et al. 2002) . In 2001 and 2002, sampling took place from May to October. All fishing was done by gillnets of 8-15 mm bar mesh size. In the littoral zone, the nets were set perpendicular to the shoreline at the bottom. In the pelagic zone, floating nets 6 m high were used, fishing almost the entire zone where fish can survive as the lake is thermally stratified from late April to late October, with an anoxic zone beginning at about 7 m deep (Kasprzak et al. 2000) . The nets were set for 2 h during day (1000-1200) and immediately after nightfall. The fish length was measured and CPUE was calculated per 100 m 2 net panel and 2 h exposure time. CPUE was calculated only for those sampling intervals with ≥2 perch or roach simultaneously caught with littoral and pelagic nets.
Growth and consumption estimates
For calculating daily rations of northern pike, perch, and pikeperch, a computerized bioenergetics model was used (Fish Bioenergetics, Hanson et al. 1997) . Species-specific parameters for perch were taken from Kitchell et al. (1977) , for northern pike from Bevelhimer et al. (1985) , and for pikeperch from Wysujack and Mehner (2002) . Percent composition by mass on a monthly basis was used as diet input. In the pikeperch-free period, water temperature was recorded at a water depth of 1 m at 1-h intervals throughout the sampling season (ONSET; Optic StowAway ® temperature logger). For each day of the simulation period, the mean water temperature was calculated. In the pikeperch period, temperature was interpolated from biweekly measurements using a mean temperature at depths of 0-5 m (0.5 m intervals). Yearly mass increment of fish was modeled between 1 April and 5 November (218 days), because fish diet could not be sampled during winter months. Water temperature was, however, below 8°C during the winter, and therefore growth should have been negligible. Mean yearly mass increment per age or length class was used as somatic growth model input, based on age-length keys from scales (northern pike) and opercula (perch; caught in November 2002) or directly determined from individual growth rates of tagged fish (northern pike and pikeperch in [2001] [2002] , minimum distance between captures >30 days). Individual consumption estimates were expanded to population estimates by taking into account the relative abundances of the several age groups or length classes per species of piscivorous fish. For growth comparisons of perch and northern pike between both periods, the individual growth data were used.
Statistical methods
Data were checked for normality. The level of significance was p < 0.05. Predator abundances were tested for differences among years using Student's t test on the reciprocal abundances calculated by the Schumacher and Eschmeyer model (in Ricker 1975 ) and a Bonferroni correction according to Holm (in Rice 1989) . All other tests were calculated using SPSS 9.0 (SPSS Inc. 1999).
Results
Abundance, biomass, and growth of predatory fish
During the first month after stocking, 25 pikeperch were found dead in 2001 and 60 in 2002. In both the pikeperchfree (1997 and 1998) (Fig. 1) . Perch biomass never exceeded 96 kg and dropped below 50 kg in 2002. After the first stocking in 2001, pikeperch biomass was estimated at 98 kg, whereas 82 kg were estimated in the second year of stocking. Abundances were significantly higher for northern pike and lower for perch and pikeperch in 2002 than in the previous years (Student's t test, Bonferroni correction, p < 0.05; Table 1 ).
Median lengths (minimum-maximum) of northern pike were 36.0 (5.0-101.0) cm in 1997-1998 and 32.0 (12.5-92.0 Length-specific growth rates of different size classes of northern pike and perch determined from individual tagging did not differ between the pikeperch and the pikeperch-free period ( 
Diet and consumption
Spiny-cheek crayfish (Orconectes limosus) and small roach dominated the diet of northern pike and large perch before pikeperch stocking, whereas small perch was the main food item of all three piscivorous species after stocking with pikeperch (Fig. 2) . Although consumption of small perch as prey rose from 20% of total consumption in the pikeperchfree period to 54% in 2002, the proportion of small roach declined from more than 20% in the pikeperch-free period to 15% and 7% in the years 2001 and 2002, respectively. Consumption of O. limosus declined from 60% in 1997 (523 kg) to only 1% (18 kg) in 2002. Other fish consumed were cyprinids other than small roach, juvenile northern pike, ruffe (Gymnocephalus cernuus), pikeperch, and unidentified fish. Other invertebrates consumed were mainly Chaoborus sp. in perch and Asellus sp. in northern pike.
Annual consumption of all piscivorous fishes was in the same range in the years 1997, 1998, and 2001 (874, 703 , and 923 kg, respectively) and rose to 1178 kg in 2002 (Fig. 2) . The relative annual consumption rates of the three species largely reflected their contribution to the biomass of the piscivorous guild. Consumption rates were always highest for northern pike (56%-72% of total consumption in the years 1997, 1998, and 2001, and even 78% in 2002; Fig. 2 ).
In contrast, large perch consumed between 24% and 42% of the piscivorous guild in the years 1997, 1998, and 2001, but contributed only 10% to total consumption in 2002. Pikeperch contributed 21% and 12% to total consumption in the years 2001 and 2002, respectively. Annual mass-specific individual energy consumption increased in northern pike from about 14 300 to 17 000 kJ·kg -1 ·year -1 , but declined in perch from 13 700 to 10 700 kJ·kg -1 ·year -1 over the period from 1997 to 2002 (Table 2 ). In pikeperch, the lowest relative energy consumption rates were estimated.
According to selectivity indices for prey fish, small perch was continuously preferred over small roach by all piscivorous species, and the discrepancy in preference between both species was even enhanced after the stocking with pikeperch (Fig. 3) . The differences between the pikeperch-free and the pikeperch periods were significant for both northern pike and large perch as predators (Student's t test, p < 0.05, northern pike feeding on small perch, df = 100; northern pike on small roach, df = 128; large perch on small perch, df = 168; large perch on small roach, df = 116).
Diel patterns in habitat use
Before pikeperch stocking, in an unrepeated sampling operation in June 1997, 89% of large perch (n = 45) was caught by gill nets in the pelagic zone during the day, and no large perch have been caught by any passive fishing gear during the night (Haertel et al. 2002) . After pikeperch stocking, more large perch were caught in the littoral zone, and the use of littoral habitats even increased from 2001 to 2002 such that almost 69% of perch were caught in littoral areas during the day in 2002 (Fig. 4) . In contrast, pikeperch was caught predominantly in the pelagic zone, although a similarly enhanced use of the littoral zone as in perch was found (Fig. 4) . Further, although perch was caught by gill nets only during day and twilight, pikeperch was also caught during night. Northern pike was only occasionally (n = 11) caught by gill nets (never during night). During both the pikeperch-free (Haertel et al. 2002) and pikeperch periods, northern pike were predominantly caught in Chara sp. beds («3 m depth) or in reed stands in the littoral zone.
Abundance and distribution of prey
Biomasses of prey populations (mean ± SD) were 25.8 (±1.2) kg·ha -1 for small roach and 7.2 (±1.6) kg·ha -1 for small perch in 1998 (Haertel et al. 2002 ) and 14.7 (±4.1) kg·ha -1 for small roach and 10.4 (±1.7) kg·ha -1 for small perch in 2002 (Fig. 5) . The number of sampling occasions were 19 and 17 in 1998 and 13 and 16 in 2002 for small roach and small perch, respectively. In the pikeperchfree period, small roach exclusively used the littoral zone during daytime, whereas almost all small roach were caught in the pelagic zone during night (Fig. 6 ). This was different in the pikeperch period when small roach reduced its diel horizontal migration and used the pelagic zone less rigorously during night. No difference in diel habitat use was observed for small perch, which were caught mostly in the littoral zone during day. No conclusion can be drawn from the gill net catches about the habitat use of small perch during night after the pikeperch stocking because only two individuals were caught during two sampling occasions. In contrast, perch of all size classes were observed resting in high numbers in shallow littoral areas before and after the pikeperch stocking during night (Haertel et al. 2002 ; T. Schulze, personal observations) and were not even caught with active fishing methods in the pelagic zone (purse seine) during night in the pikeperch period (H. Dörner, unpublished data; see Mehner et al. (2005b) for details on fishing methods). This indicates a nearly exclusive inactive use of littoral habitats by small perch during night in the pikeperch period, whereas active perch were caught in both habitats during night in the pikeperch-free period.
Discussion
Our study demonstrates that the introduction of a new predator type had strong impacts on the residential fish community in Lake Großer Vätersee on both the prey and predator levels. The lake-wide piscivore biomass increased 1.42-1.64 times as a result of pikeperch stocking and the accompanying increase in northern pike abundance. The biomass of piscivorous fish in the pelagic area almost doubled as a result of pikeperch stocking in comparison with the period before stocking when large perch was the sole pelagic predator. Therefore, a severe density-mediated perturbation could be expected. Beyond the density-mediated effects on the prey fish population (consumption rates of predators), changes in a behavioral trait (reduced diel horizontal migration of small roach) were also observed. Furthermore, among the residential predators, the introduced pikeperch induced both density-mediated effects (cannibalism and intraguild predation) and changes in habitat use and prey selectivity. The latter may be a trait-mediated indirect effect of the behavioral changes of the prey species (reduced diel horizontal migration). These complex interactions have, to the best of our knowledge, never been reported in empirical studies to date and underline that the immediate expectation, i.e., introduced predators suppressing unwanted prey fish and improving fisheries yield, will not necessarily be fulfilled because of compensatory mechanisms affecting the piscivorous guild. Pikeperch stocking affected habitat use and diet composition of piscivorous perch. Because both species are predominantly pelagic hunters, strong interspecific competition for pelagic-living prey fish could be expected (Craig 1987) . However, according to literature, the main diel activity phases differ between perch and pikeperch with pikeperch being more active during the twilight and night phases and perch being a day-active species (Craig 1987) . In contrast, in Lake Großer Vätersee diel gill net catches of large perch and pikeperch indicated a stronger temporal overlap. Although perch were almost exclusively caught during day and twilight, pikeperch were caught over the full diel cycle, reflecting a simultaneous hunting activity of both species at least during daytime and twilight. Also, the spatial segregation between large perch and pikeperch remained weak, with both species being caught in the littoral and pelagic zones. Accordingly, there was only low niche segregation between perch and pikeperch, and competition was probably strong. However, there was a strong tendency for perch to increasingly respond to the pelagic presence of pikeperch by shifting their daytime habitat towards a stronger use of the littoral area as a higher proportion of perch was caught in nearshore areas in 2002 as compared with 2001, and the differences were even more pronounced in comparison with the situation before pikeperch stocking (Haertel et al. 2002) . This may indicate strong interference competition for the pelagic zone, with the larger pikeperch being the stronger competitor. Aggressive pelagic interference was also found to be responsible for reduced vertical space use by Dolly Varden (Salvelinus malma) living in sympatry with cutthroat trout (Oncorhynchus clarkii) (Hindar et al. 1988) . Furthermore, size is an important factor determining competitive displacements in predator communities in which intraguild predation occurs (Fedriani et al. 2000; Suutari et al. 2004) , thus underlining the possibility of asymmetric interference competition between the larger pikeperch (55 cm maximum L T ) and the smaller perch (39.5 cm maximum L T ).
A different impact of pikeperch stocking was found on northern pike. Because the feeding habitats differ between northern pike and pikeperch, a strong spatial segregation could be expected. Indeed, in Lake Großer Vätersee, only a few northern pike (five in each year in 2001 and Schulze 2005) were caught by the pelagic or deep littoral gill nets, indicating a close association of northern pike with reed stands and Chara sp. beds. In contrast, no pikeperch were caught in the littoral reed stands where northern pike occurred during the day and night. Because there was no response in habitat preferences or activity patterns of northern pike in response to pikeperch stocking, competition for feeding habitat between both predators was assumed to be very low in Lake Großer Vätersee as a consequence of the stable spatial segregation between northern pike and pikeperch. Comparably, habitat use and hence diet compositions of northern pike and pikeperch differed in an empirical study in Lake Peipsi (Kangur and Kangur 1998) such that the authors concluded that interspecific competition between these predators was probably not strong. However, northern pike and pikeperch may still compete for the same food resources in Lake Großer Vätersee because of the diel and seasonal migrations of small fish between littoral and pelagic sites (this study; see also Jacobsen and Berg 1998; Okun and Mehner 2005) .
Northern pike may have even benefited from stocking with pikeperch. In direct comparison between the pikeperch-free and the pikeperch periods, northern pike abundance was significantly higher in 2002 than the years before pikeperch stocking, and biomass almost doubled after the pikeperch introduction. An explanation may be a higher recruitment from larvae into the juvenile size classes, indicated by the declining median length of northern pike in the pikeperch period. Recruitment is correlated with the availability of food and vegetative shelter for the juveniles against cannibalism (Craig 1996; Skov and Koed 2004) . Because of altered habitat use and abundances of prey fish, the prey availability in the littoral zone increased after the introduction of pikeperch (please see below for further discussion). Specific consumption rates of northern pike were indeed higher in the pikeperch period, and cannibalism in northern pike was found only in very few cases in Lake Großer Vätersee (Schulze 2005) .
According to the improved performance of northern pike after pikeperch stocking, perch was also the inferior competitor to northern pike in the littoral zone. This may be indicated by the decreased specific consumption rates in perch after the pikeperch stocking and is in accordance with other studies in which juvenile northern pike was found to be the more effective forager compared with perch in complex littoral structures (Jacobsen and Perrow 1998) . Furthermore, only the northern pike growth rates increased in experiments when northern pike only treatments were contrasted with treatments in which perch and northern pike co-occurred. In contrast, perch could not benefit from competitive release because their growth rates were similar in both treatments (Eklöv and VanKooten 2001) . However, the specific growth rates (one of the input parameters of the bioenergetics models) of northern pike and perch were not different between the two periods in the present study. Consequently, in Lake Großer Vätersee, piscivorous perch responded to competition with pikeperch in the pelagic zone by a partial habitat shift and increased cannibalism, but was faced with similarly strong competition and a higher predation rate on perch juveniles by northern pike in the littoral areas. Therefore, both pikeperch and northern pike are supposed to be the specialists for piscivorous feeding in their favored habitats, leading to the more generalist perch being sandwiched between northern pike (littoral zone) and pikeperch (pelagic zone) and becoming the weaker competitor for fish. A similar sandwiching was described for juvenile perch switching between planktivory and benthivory in competition with the benthivorous specialist ruffe and the planktivorous specialist roach such that perch growth rates were always lower than those of the competing species (Bergman and Greenberg 1994) . It can be assumed, therefore, that specialists with a highly efficient feeding strategy in one habitat may outcompete a generalist (perch) in relatively stable environments like Lake Großer Vätersee. The generalist is then forced to respond with diet and (or) habitat shifts to avoid severe competition (Larkin 1956) .
The interactions between the predators were furthermore directly influenced by changes in prey fish abundance and behavior. Small roach, the dominant prey species in the pikeperch-free period, responded to pikeperch stocking with reduced diel horizontal migrations. In the pikeperch-free period, small roach inhabited the littoral zone during the day, being protected against predation by large perch in the pelagic zone, but moved into the zooplankton-richer pelagic area during the night (Haertel et al. 2002) . After pikeperch introduction, however, the occurrence of small roach in littoral habitats also remained high during the night. Such a shift in a behavioral trait was also observed in other lakes in response to pikeperch stocking (Brabrand and Faafeng 1993) . Accordingly, the availability of small roach in the pelagic areas declined for both pikeperch and perch, but increased for northern pike in the littoral zone, which may have contributed to the higher recruitment of northern pike. Brabrand and Faafeng (1993) similarly argued that the modification of roach behavior by pikeperch stocking in Lake Gjersjoen (Norway) may have increased the prey availability for littoral predators.
The abundance of the alternative prey species, small perch, slightly increased in the years after pikeperch stocking. Further, small perch inhabited mostly the littoral areas during the day and were exclusively found in littoral habitats during the night in the pikeperch period. This predominant littoral occurrence may have contributed to the habitat shifts of the piscivorous perch and the partial littoral habitat use of pikeperch and has furthermore increased the availability of perch as prey for northern pike. As a consequence, cannibalism and intraguild predation on small perch substantially increased in 2001, which may have led to a reduced recruitment from small to large perch and eventually to a reduced density of large perch in 2002. Further, the predation impact relative to the standing stock of small perch became very high in 2002. Nevertheless, year-class strength of small perch in 2002 was high, indicated by slightly higher abundances of small perch in spite of the high predation pressure. Introduction of pikeperch into Scandinavian waters inhabited by perch resulted in comparable interactions where predation on juvenile perch by pikeperch explained the strong decrease in commercial catches of perch, and also, in naturally sympatric populations, perch catches were inversely correlated with those of pikeperch (Svärdson and Molin 1973) .
Overall, feeding of all piscivores on the prey populations was asymmetrical, although both small perch and small roach concentrated in the littoral zone. Consumption on perch increased, whereas that on small roach decreased. Firstly, this simply reflects the differing population developments of small perch and small roach, with perch densities increasing and roach densities declining after pikeperch stocking. Also, in other lakes, diet composition of piscivorous perch, northern pike, and pikeperch were mainly influenced by relative availabilities of prey species (Popova and Sytina 1977; Fedorova and Drozzhina 1982; . Secondly, selectivity indices for roach feeding did decline and that for perch increased. Small perch are very vulnerable to predators as they have to move continuously while feeding on benthic organisms and therefore face a high risk of encountering predators. In contrast, roach show effective behavioral antipredator traits, such as shoaling and jumping out of the water, that have been found to reduce the number of roach eaten by littoral predators (Christensen and Persson 1993; Eklöv and Persson 1995; Persson and Eklöv 1995) . Further, in a habitat structured by artificial vegetation (Christensen and Persson 1993) similar to the reed stands in the littoral zone of Lake Großer Vätersee, small perch was found to be preferred over small roach by predators because of different antipredator traits. Therefore, small roach were probably less vulnerable than small perch to all piscivorous predators in Lake Großer Vätersee after pikeperch had been introduced, and thus passive selectivity (sensu Turesson et al. 2002) for roach feeding declined and that for perch increased under strong predation pressure leading to strong intraguild predation on small perch. Similar findings were made at high piscivorous fish biomass in Bautzen Reservoir, where small benthivorous perch were the preferred prey of piscivorous perch, pikeperch, and eel (Dörner et al. 1999 Dörner and Benndorf 2003) .
The preferential consumption of small perch indicated that besides competitive interactions, predator-prey relationships between the predators also became increasingly important and contributed decisively to the density-mediated effects of the pikeperch introduction. The mutual predation on potential competitors, both within and across the species borders, is widespread in many aquatic and terrestrial species (Arim and Marquet 2004) and has fundamental impacts on food web dynamics and ecosystem stability (Claessen et al. 2004) . In pikeperch, strong inter-and intra-cohort cannibalism was found to stabilize year-class strengths and was seen as population density self-regulation (Frankiewicz et al. 1999) . Furthermore, adaptive feeding of predators stabilizes food webs (Murdoch 1969 ) and promotes species coexistence in modeled systems because adaptive foraging changes interaction strength in food webs, which relaxes competition between species (Krivan 2003) .
The results presented here give empirical support for the compensatory effects of adaptive feeding strategies in predators, which include cannibalism and intraguild predation. As a consequence, for Lake Großer Vätersee, we expect that the total biomass of piscivorous fish will fall back to that biomass that was estimated before stocking because the piscivorous trophic level in four-level mesotrophic lakes is strongly dependent on the productivity of the system (Persson et al. 1992) . Indeed, predation pressure of piscivorous fish on their prey populations was already high before the stocking (Haertel et al. 2002) and the trophic state of the lake has not changed during the experiment. Thus, although predator biomass was substantially enhanced, we suggest that several selfregulating mechanisms will, in the long term, prevent a higher energy transfer to the piscivores in comparison with the situation before stocking.
Nevertheless, populations of the residential predator species responded very differently to stocking with a new predator type in mesotrophic lakes. Our results suggest that introductions and stocking programs with pikeperch or other piscivorous fish species are likely to result in a decrease of guild member abundances because of increased competition and trait-mediated interactions (i.e., changes in behavioral traits leading to alterations in prey selectivity as in the present study). Accordingly, each introduction of a new piscivorous fish species might be a trade-off (in the long term) between gaining a new species for commercial or game fisheries and altering or even decreasing the abundances of the residential piscivorous species, especially when prey resources are already limited.
